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METHOD OF MANUFACTURING SILICON
CARBIDE SEMICONDUCTOR DEVICE
USING ACTIVE AND INACTIVE 10N
SPECILES

CROSS REFERENCE TO RELATED
APPLICATTONS

This application 1s based upon and claims the benefit of
Japanese Patent Applications No. 10-278227 filed on Sep.
30, 1998 and No. 11-184264 filed on Jun. 29, 1999, No.
11-264329 filed on Sep. 17, 1999, the contents of which are

incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a silicon carbide (S1C) semicon-
ductor device, particularly to an insulation gate type field
effect transistor such as a vertical power MOSFET for high
power applications, and to a method of manufacturing the
same.

2. Description of the Related Art

The applicant of the present invention proposes a planar
type MOSFET capable of improving channel mobility to

reduce an ON resistance m JP-A-10-308510 published on
Nov. 17, 1998.

Referring to FIG. 12, the planar type MOSFET has an n™

type semiconductor substrate 1 made of S1C and having a
main surface la at an upper side of the figure and a back
surface 1b at a lower side of the figure. An n~ type epitaxial
layer (herebelow, referred to as an epi-layer) 2 made of SiC
and having a dopant concentration smaller than that of the
substrate 1 1s disposed on the main surface la of the
substrate 1.

Several p type base regions 3 are provided 1n specific
surface portions of the n™ type epi-layer 2 with a specific
depth. The p type base regions 3 include boron (B) as a
dopant with a dopant concentration of approximately 1x10"’
cm™ or more. Several n* source regions 4 are formed in
specific surface portions of the p type base regions 3 with a
depth shallower than that of the p type base regions 3. An n~
type S1C layer 5§ extends in the surface portions of the p type
base regions 3 to connect the n™ type source regions 4 and
the n~ type epi-layer 2. The n™ type S1C layer 5 1s epitaxially
ogrown on the substrate 1 to have a 4H, 6H, 15R or 3C crystal
structure. A channel 1s formed 1n then n™ type Si1C layer 5
when the device 1s operated. Herebelow, the n™ type Sic
layer § 1s referred to as a surface channel layer.

The surface channel layer § includes nitrogen (N) as a
dopant with a dopant concentration in a range of, for
example, 1x10*° cm™ to 1x10'7 cm™3, which is lower than
those of the n™ type epi-layer 2 and the p type base regions
3, thereby realizing a low ON resistance. A part of the n~
type epi-layer 2 extending between the p type base regions
3 1s a so-called J-FET portion 6.

A gate oxide film 7 1s formed on the surface channel layer
5 and on the n™ type source regions 4 by thermal oxidation,
and a gate electrode 8 1s formed on the gate oxide film 7. The
gate electrode 8 1s covered with an insulation film 9 made of
LTO (Low Temperature Oxide). A source electrode 10 is
formed on the insulation film 9 in contact with the n™ type
source regions 4 and the p type base regions 3. A drain
electrode 11 1s formed on the back surface 1b of the substrate

1.

This planar type MOSFET 1s operated 1n an accumulation
mode at which a channel 1s induced without inverting the
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conductive type of the surface channel layer 5. In the
accumulation mode, the surface (channel) mobility is less
influenced by the electric field (gate) and surface effects
(MOS interface) compared to the inversion mode due to a
large depth of the channel (about 5-10 times). Therefore,
channel mobility of the MOSFET 1s large, so that the ON
resistance 1s reduced as compared to that of a MOSFET,
which 1s operated 1n an inversion mode at which the con-
ductive type of the surface channel layer 1s inverted.
However, when B 1s used as a dopant for forming the p type
base regions 3, B 1s diffused during heat treatment, such as
during activation annealing as disclosed in U.S. Pat. No.
5,710,059. Diffused B can narrow the width of the J-FET
portion, and undesirably invert the conductive type of the
surface channel layer 5 contacting the p type base regions 3.

SUMMARY OF THE INVENTION

The present invention has been made 1n view of the above
limitations. A {first object of the present invention is to
prevent a width of a J-FET portion extending between base
regions from being narrowed by diffused impurities. A
second object of the present invention 1s to prevent inversion
of a surface channel layer conductive type by diffused
impurities.

In the cases where the n™ type epi-layer 2 1s epitaxially
orown and where the p type base regions 3 are formed by 10n
implantation of B-impurity atoms, 1t 1s believed that carbon
vacancies are responsible for the extended diffusion of B.
The carbon vacancies are produced during the 1on 1implan-
tation process. Also a kick-out mechanism which explains B
at a Si-lattice site and an interstitial Si complex (a highly
mobile complex) is responsible for transient enhanced dif-
fusion of B, thereby causing the limitations described above.
The present invention overcomes these limitations based on
the consideration described above.

Briefly, according to the present invention, a second
conductive type base region 1s formed 1n a specific surface
portion of a first conductive type semiconductor layer. The
formation of the base region 1s performed by forming an
impurity implantation layer by implanting 1ons of an 1nac-
five 10on species 1nto at least one of the specific surface
portion for forming the base region and a J-FET portion, and
second conductive type impurities of an active 10n species
into the specific surface portion; and activating the second
conductive type impurities to form the base region contact-
ing the J-FET portion. Preferably, the inactive 10n species 1s
C (carbon) and the active ion species i1s B (boron).
Preferably, the implantation of the inactive 1on species 1s
carried out before the implantation of the second conductive
type impurities.

Accordingly, carbon vacancies 1n the J-FET portion or in
the specific surface portion for the base region can be
climinated by implanted 1ons of the mactive 1on species to
inhibit the diffusion of the second conductive type impuri-
ties. As a result, the width of the J-FET portion is not
narrowed, and a length of a channel region produced on the
J-FET portion 1s prevented from increasing.

Ions of the mactive 10on species may be implanted into a
surface channel layer formed on the base region.
Accordingly, the second conductive type impurities are
prevented from being diffused into the surface channel layer,
thereby preventing inversion of the surface channel layer
conductive type 1n an accumulation type semiconductor
device.

The second conductive type impurities may be implanted
into a part of the specific surface portion using a mask
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covering a surface between a source region and the J-FET
portion. The implanted second conductive type impurities
are diffused to exist enfirely 1n the specific surface portion
for forming the base region when the second conductive
type 1mpurities are activated. In this case, because the
surface between the source region and the J-FET portion
where the surface channel layer 1s to be formed does not
undergo the 1on 1mplantation of the second conductive type
impurities, the surface channel layer can be formed with
high crystallinity.

In the silicon carbide semiconductor device according to
the present invention, the mactive 1on species 1s included 1n
at least one of the base region and a portion contacting the
base region. The portion contacting the base region 1s the
J-FET portion, the surface channel layer, or the like.
Accordingly, the diffusion of the second conductive type
impurities 1s suppressed. When the 1nactive 1on species 1s
included 1n one of the base region and the J-FET portion, the
width of the J-FET portion 1s prevented from being
decreased. When the 1nactive 1on species 1s included 1n the
surface channel layer, the conductive type of the surface
channel layer 1s prevented from being inverted.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and features of the present invention will
become more readily apparent from a better understanding,
of the preferred embodiments described below with refer-
ence to the following drawings, in which:

FIG. 1A 1s a cross-sectional view showing a planar type
MOSFET 1n a first preferred embodiment;

FIG. 1B 1s a depth concentration profile of an 10n species
along line IB—IB 1n FIG. 1A;

FIGS. 2A to 2C are cross-sectional views for explaining,

steps for manufacturing the planar type MOSFET shown 1n
FIG. 1A;

FIGS. 3A to 3C are cross-sectional views for explaining,
steps following the steps shown 1n FIGS. 2A to 2C, for
manufacturing the planar type MOSFET,

FIGS. 4A to 4C are cross-sectional views for explaining
steps following the steps shown in FIGS. 3A to 3C, for
manufacturing the planar type MOSFET,

FIG. 5A 1s a cross-sectional view showing a planar type
MOSFET 1n a second preferred embodiment;

FIG. 5B 1s a depth concentration profile of an 10n species
along line VB—VB 1n FIG. 5A;

FIG. 6A 1s a cross-sectional view showing a planar type
MOSFET 1n a third preferred embodiment;

FIG. 6B 1s a depth concentration profile of an 10n species
along line VIB—VIB 1n FIG. 6A;

FIG. 7A 1s a cross-sectional view showing a planar type
MOSFET 1n a fourth preferred embodiment;

FIG. 7B 1s a depth concentration profile of an 10n species
along line VIIB—VIIB in FIG. 7A;

FIG. 8 1s a chart showing diffusion of B examined by a
SIMS analysis;

FIGS. 9A to 9C are graphs showing ON characteristics of
MOSFETs;

FIG. 10 1s a cross-sectional view showing a planar type
MOSFET 1in a fifth preferred embodiment;

FIGS. 11A to 11C are cross-sectional views for explaining,
steps for manufacturing the planar type MOSFET shown 1n

FIG. 10; and

FIG. 12 1s a cross-sectional view showing a planar type
MOSFET proposed 1 the preceding application by the
applicant.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

(First Embodiment)

The present invention i1s applied to formation of a
normally-off n-channel planar type MOSFET (vertical
power MOSFET) suitable for rectifiers of an inverter, an
automotive alternator, and the like. As shown 1n FIG. 1A, the
vertical power MOSFET 1n a first preferred embodiment has
a structure similar to that of the conventional MOSFET
shown 1n FIG. 12. In FIG. 1A, the same parts are indicated
by the same reference numerals as those in FIG. 12. Only
differences are explained below.

In the MOSFET shown 1 FIG. 12, the surface channel
layer 5 1s formed by using N (nitrogen) alone as a dopant.
The J-FET portion 6 1s composed of only the n~ type
epi-layer 2 provided between the p-type base regions 3. On
the other hand, 1n the present embodiment, an 1nactive 1on
species, which does not act as an impurity, 1s implanted into
the surface channel layer 5 and the J-FET portion 6.

Specifically, an 1on species such as carbon (C), silicon
(S1), helium (He), neon (Ne), or argon (Ar) is doped into the
J-FET portion 6 and the surface channel layer 5.
Accordingly, 10ons of the inactive 10n species are disposed 1n
vacancies, which are itrinsic defects of silicon carbide and
have a density that depends on crystal growth conditions of
silicon carbide. As a result, vacancies are eliminated from
the J-FET portion 6 and the surface channel layer 5.

FIG. 1B shows a depth concentration profile of the
inactive 1on species along line IB—IB 1 FIG. 1A with a
solid line. A depth concentration profile of B 1n the p type
base regions 3 1s also shown 1n FIG. 1B with a broken line
for comparison. As shown 1n the figure, the inactive 1on
species 1s implanted into the J-FET portion 6 and the surface
channel layer 6 with a concentration higher than that of B.

Next, a manufacturing process of the MOSFET shown 1n
FIG. 1A 1s explained with reference to FIGS. 2 to 4.

First, at a step shown 1n FIG. 2A, an n type 4H, 6H, 15R,
or 3C-S1C substrate 1s prepared as the n™ type semiconductor
substrate 1. The substrate 1 1s 400 um 1n thickness, and has
a (0001) Si-plane on the main surface 1a thereof and (0001)
c-plane on the back surface 1b thereof. The main surface 1a
may be a (1120) a-plane. The n~ type epi-layer 2 is epitaxi-
ally grown on the main surface 1a of the substrate 1 with a
thickness of approximately 5 um—15 um. In the present
embodiment, the n~ type epi-layer 2 1s composed of an n
type 4H, 6H, 15R or 3C-51C layer, a crystal structure of
which 1s the same as that of the underlying substrate 1.

At a step shown 1n FIG. 2B, an LTO film 20 1s disposed
on the n~ type epi-layer 2 with an opening exposing a
specific portion where the J-FET part 6 1s to be formed.
Then, the 1nactive 10n species of, for example, C, S1, He, Ne,
or Ar 1s implanted 1nto the n~ type epi-layer 2 using the LTO
film 20 as a mask at a temperature of 1n a range of
approximately 500° C. to 1000° C. or more. When the
inactive ion species is carbon, C*'* constituting the n-
epi-layer 2 or C**> not constituting the n~ type epi-layer 2
may be used.

Next, at a step shown 1n FIG. 2C, after removing the LTO
f1lm 20, an LTO film 21 1s disposed on the speciiic portion
of the n™ type epi-layer 2. Ion implantation of B as an active
1on species 1s then carried out using the LTO film 21 as a
mask, at a temperature in a range of 500° C. to 1000° C. or
more with a dose of less than 1x10'° c¢cm™. Accordingly,
impurity implantation layers 30 into which B i1s implanted
are formed with a specific depth from the surface of the n~
type epi-layer 2.
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Comparing the 1on implantation steps of the inactive 1on
species and B, the 1on implantation energy of the 1nactive 1on
species 1s approximately equal to or larger than that of B for
forming the 1mpurity 1mplantation layers 30. Accordingly,
the 1nactive 1on species 1s 1implanted to a depth approxi-
mately equal to or deeper than that of the impurity implan-
tation layers 30. Further, the 1on implantation steps are
carried out so that the concentration of the inactive 1on
species 1s larger than that of B. For example, a concentration
ratio of the inactive 1on species relative to B 1ons 1s con-
trolled to be approximately 1:10.

The implanted 10ns of the 1nactive 10n species fill intrinsic
carbon vacancies, or interact with the interstitial S1 atoms to
form Si1C, thereby limiting the possibility of B diffusion.
Carbon vacancies are ecliminated by increasing the ion
implantation amount of the i1nactive 10on species. Therefore,
when the 1nactive 1on species 1s carbon, carbon vacancies
can be eliminated by the 1nactive 1on species with a rela-
fively small concentration. When an 1on species such as
silicon 1s used 1n place of carbon, 1t 1s difficult for the
Inactive 1on species to be disposed 1n carbon vacancies as
compared to carbon. In such a case, 1t 1s preferable to
increase the 1on implantation amount as compared to the
case where carbon 10ns are implanted.

Subsequently, activation annealing is carried out at 1500°
C. to 1700° C. for 30 min, so that B in the impurity
implantation layers 30 1s activated to form the p type base
regions 3. Consequently, the J-FET portion 6 1s formed
between the p type base regions 3. At that time, as described
above, since carbon vacancies are eliminated by the 1nactive
1on species 1mplanted 1nto the n™ type epi-layer 2 between
the p type base regions 3, diffusion of B 1s Suppressed
Therefore, the width of the J-FET portion 6 i1s hardly
narrowed by the diffusion of B, thereby preventmg an
increased resistance of the J-FET portion 6 not to increase
the ON resistance. Further, a length of a channel, which is
formed on the J-FET portion 6, 1s prevented from being
increased. Although the inactive 1on species 1s 1implanted
only into the J-FET portion 6 at the step shown 1n FIG. 2C,
it may be implanted into the entire surface portion of the

substrate 1 without using the L'TO film 21.

At a step shown 1n FIG. 3A, after the LTO film 21 1s
removed, the surface channel layer 5 1s epitaxially grown on
the n~ type epi-layer 2 and on the p type base regions 3 to
have an impurity concentration of approximately 1x10'>
cm™ to 110" cm™ and a thickness in a range of approxi-
mately 0.1 um to 0.5 um (0.3 um in the present
embodiment).

The surface channel layer § 1s formed to be completely
made pinch-oif due to extension of a depletion layer, which
extends from the p type base regions 3 into the surface
channel layer 5, and extension of a depletion layer, which
extends from the gate oxide film 7 into the surface channel
layer § when no voltage 1s applied to the gate electrode 8.

Accordingly, the vertical power MOSFET 1s a normally-off

type MOSFET.

The extension amount of the depletion layer extending
from the p type base regions 3 1s determined by the built-in
voltage at the PN junction between the surface channel layer
5 and the p type base regions 3. The extension amount of the
depletion layer extending from the gate oxide film 7 1is
determined by the electric charge of the gate oxide film 7 and
the difference 1n work function between the gate electrode
(metal) 8 and the surface channel layer (semlconductor) S.
The thickness of the surface channel layer 5 1s determined
based on these parameters.
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In this normally-off type vertical power MOSFET, when
failures occur to prevent the voltage from being applied to
the gate electrode 8, no current flows therein. Therefore, the
normally-off type MOSFET has a safety feature that pre-
vents abnormal operation unlike a normally-on type MOS-
FET.

Referring agam to FIG. 1A, the p type base regions 3
contact the source electrode 10 to be grounded. Therefore,
the surface channel layer § can be brought into pinch-off by
utilizing the built-in voltage at the PN junction between the
surface channel layer 5 and the p type base regions 3. As
opposed to this, when the p type base regions 3 are 1n a
floating state without being grounded, the depletion layer
cannot be expanded from the p type base regions 3 by
utilizing the built-in voltage. Accordingly, the structure in
which the p type base regions 3 and the source electrode 10
contact each other 1s effective to make the surface channel
layer § pinch-off. The built-in voltage 1s increased by
increasing the impurity concentration of the p type base

regions 3.

In the present embodiment, because the vertical power
MOSFET 1s made of S1C, 1t can be manufactured with high
accuracy. If the MOSFET 1s made of Si, 1t 1s difficult to
control thermal diffusion amounts of impurities when the p
type base regions 3, the surface channel layer 5, and the like
are formed. This makes 1t difficult to form the normally-off
type MOSFET made of S1 and having the same structure as
that in the present mnvention.

Also, the thickness of the surface channel layer 5 must
satisty the conditions described above to make the vertical
power MOSFET a normally-off type. However, when the
MOSEFET 1s made of Si, the built-in voltage 1s low. Because
of this, 1t 1s necessary to decrease the thickness of the surface
channel layer 5 or to decrease the impurity concentration of
the surface channel layer 5. This also makes the manufacture
of the S1 MOSFET more difficult, as the diffusion amounts
of 1impurities must be controlled. As opposed to this, when
the MOSFET 1s made of S1C, the built-in voltage 1s approxi-
mately three times larger than that of the S1 MOSFET, so
that the thickness and the impurity concentration of the
surface channel layer 5 can be increased. Therefore, the
normally-off accumulation type MOSFET can be easﬂy
manufactured from SiC.

Next, at a step shown 1n FIG. 3B, the mactive 1on species
such as C, 51, He, Ne, or Ar 1s implanted into the surface
channel layer 5 in a range of approximately 500° C. to 1000°
C. or more (500° C. in the present embodiment) similarly to
the step shown 1n FIG. 2B. This 1on implantation 1s carried
out so that the inactive 1on species 1s 1implanted into the
bottom portion of the surface channel layer 5 and so that the
concentration of the 1nactive 1on species 1s larger than that
of the concentration of B 1ons for forming the p type base
regions 3. For example, the concentration ratio of the
inactive 1on species relative to B 1ons 1s controlled to be
1:10. The thus implanted 1on species fills intrinsic carbon
vacancies, which are produced during the crystal growth of
silicon carbide. Accordingly, carbon vacancies, which are
more likely to be responsible for the diffusion of B, are
climinated from the surface channel layer 5.

At a step shown 1n FIG. 3C, an LTO film 22 1s disposed
at speciiic surface regions of the surface channel layer 5, and
ion implantation of n type impurities such as nitrogen (N) or
phosphorus (P) is carried out using the LTO film 22 as a
mask. After that, heat treatment 1s carried out to activate the
implanted n type impurity ions to thereby form the n™ type
source regions 4. As 1on implantation conditions, a tempera-
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ture is in a range of 500° C. to 1000° C. or more
(approximately 700° C. in the present embodiment) and a
dose is approximately 1x10" cm™.

Because carbon vacancies are eliminated not only from
the J-FET portion 6 contacting the p type base regions 3 but
also from the surface channel layer 5 as described above, the
heat treatment, which 1s performed after the surface channel
layer 5 1s formed for, for example, forming the n* type
source regions 4, does not cause the diffusion of B from the
P type base regions 3 into the J-FET portion 6 and the
surface channel layer 5.

After the LTO film 22 1s removed, at a step shown 1n FIG.
4A, an LTO film 23 1s disposed at a specific surface region
of the surface channel layer § by a photo-resist method. The
surface channel layer 5 extending on the p type base regions

3 1s partially removed by RIE using the LTO film 23 as a
mask. After that, the LTO film 23 1s removed. At a step
shown 1n FIG. 4B, the gate oxide film 7 1s formed on the
substrate 1 by wet-oxidation (involving a known pyrogenic
method using H,+0,) at an ambient temperature of 1080° C.
Further, the gate electrode 8 made of polysilicon 1s deposited
on the gate oxide film 7 by LPCVD at a deposition tem-
perature of 600° C.

Subsequently, at a step shown 1n FIG. 4C, an unnecessary
portion of the gate oxide film 7 1s removed, and the
remaining gate oxide film 7 1s covered with the LTO
insulation film 9. The deposition temperature for forming the
insulation film 9 is approximately 425° C. After the
deposition, annealing is carried out at approximately 1000°
C. The source electrode 10 and the drain electrode 11 are
then formed by metal-sputtering at room temperature, and
annealing is carried out at approximately 1000° C. again,

thereby completing the vertical power MOSFET shown 1n
FIG. 1A.

Next, operation of the MOSFET manufactured as
described above will be explained. The MOSFET 1n the
present embodiment 1s a normally off type and works 1n an
accumulation mode. When no voltage 1s applied to the gate
clectrode 8, carriers 1n the surface channel layer § are
entirely depleted by a difference 1n electrostatic potential
between the p type base regions 3 and the surface channel
layer 5, and a potential produced by a difference i work
function between the surface channel layer 5 and the gate
clectrode 8. The application of the voltage to the gate
clectrode 8 varies the potential difference produced by the
sum of the difference 1n work function between the surface
channel layer 5 and the gate electrode 8 and the externally
applied voltage. Accordingly, the channel state 1s controlled.

That 1s, when the work functions of the gate electrode 8,
the p type base regions 3, and the surface channel layer 5§ are
represented as first, second, and third work functions,
respectively, the first to third work functions, and the 1mpu-
rity concentration and the thickness of the surface channel
layer 5 are determined so that n type carriers in the surface
channel layer 5 can be depleted by utilizing the differences
among the first to third work functions.

In the OFF state, the depletion region 1s formed in the
surface channel layer 5 by an electric field produced
between the p type base regions 3 and the gate electrode 8.
In this state, a positive bias 1s applied to the gate electrode
8. Accordingly, a channel region 1s formed at the interface
between the gate insulation (S10,) film 7 and the surface
channel layer 5 to extend from the n™ type source regions 4
toward the n~ type epi-layer 2, thereby switching to the ON
state.

In the ON state, electrons flow from the n™ type source
regions 4 to the n"type epi-layer (drift region) 2 through the
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surface channel layer §, and then flow perpendicularly to the
n* type semiconductor substrate 1 (n* type drain electrode)
from the n~ type epi-layer 2. Thus, the accumulation type
channel 1s 1nduced 1n the surface channel layer 5 by the
positive voltage applied to the gate electrode 8. As a resullt,
carriers flow between the source electrode 10 and the drain
clectrode 11.

(Second Embodiment)

In the first embodiment, the inactive 1on species 1s
implanted into the J-FET portion 6 and the surface channel
layer 5. In a second preferred embodiment, the 1nactive 1on
species 1s implanted only mto the J-FET portion 6. The other
features are the same as those 1n the first embodiment, and
are not be reiterated.

FIG. 5A shows a structure of a vertical power MOSFET
according to the second embodiment, and the solid line 1n
FIG. 5B shows a depth concentration profile of the 1nactive
1on species along line VB—VB m FIG. 5A. A depth con-
centration proflle of B 1n the p type base regions 3 1s also
indicated 1n FIG. 5B with a broken line for comparison. As
shown 1n FIG. 5B, the concentration of the inactive 1on
species implanted into the J-FET portion 6 1s larger than that
of B implanted into the p type base regions 3. Implanted 10ns
of the 1nactive 1on species are disposed in vacancies 1n the
J-FET portion 6 to eliminate vacancies from the J-FET
portion 6.

Because of this, B 1n the p type base regions 3 1s hardly
diffused to decrease the J-FET portion 6. The resistance of
the J-FET portion 6 1s therefore not increased, thereby
preventing the ON resistance from increasing, and also
preventing the channel length of the channel region, which
1s formed on the J-FET portion 6, from increasing.

(Third Embodiment)

In the first embodiment, the 1nactive 1on species 1s
implanted into the J-FET portion 6 and the surface channel
layer 5. In a third preferred embodiment, the inactive 1on
species 1s implanted only into the surface channel layer 5.
The other features are the same as those 1n the first
embodiment, and therefore are not reiterated.

FIG. 6A shows a structure of a vertical power MOSFET
according to the third embodiment, and a solid line 1n FIG.
6B shows a depth concentration profile of the mactive 1on
species along line VIB—VIB 1n FIG. 6A. A depth concen-
tration profile of B 1n the p type base regions 3 1s also
indicated 1n FIG. 6B with a broken line for comparison. As
shown 1n FIG. 6B, the concentration of the inactive 1on
species implanted 1nto the surface channel layer § 1s larger
than that of B implanted into the p type base regions 3.
Implanted 10ns of the inactive 1on species are disposed in
vacancies 1n the surface channel layer 5 to eliminate vacan-
cies from the surface channel layer 5. Because of this, B 1n
the p type base regions 3 1s hardly diffused into the surface
channel layer §, and the surface channel layer 5 1s prevented
from being mverted mnto a p type layer.

(Fourth Embodiment)

In the first to third embodiments, the 1nactive 10n species
is implanted into the region (the J-FET portion 6 and/or the
surface channel layer §) contacting the p type base regions
3. In a fourth preferred embodiment, the inactive 1on species
1s 1implanted directly into the p type base regions 3.

FIG. 7A shows a structure of a vertical power MOSFET
in the present embodiment, and a solid line in FIG. 7B shows

a depth concentration profile of the inactive ion species
along line VIIB—VIIB 1n FIG. 7A. A depth concentration

profile of B 1s also indicated 1n FIG. 7B with a broken line
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for comparison. As shown 1n FIG. 7B, the iactive 1on
species 1s implanted into the p type base regions 3 to have
a concentration larger than that of B. Implanted 1ons of the
Inactive 1on species are disposed 1n vacancies, which are
produced during the crystal growth of silicon carbide, to
climinate the vacancies from the p type base regions 3 or
interact with interstitial S1 atoms to form Si1C, thereby
limiting the B-diffusion.

In this vertical power MOSFET, a diffusion state of B in
the p type base regions 3 was examined by a SIMS analysis.
Specifically, the diffusion of B was examined by changing
the ratio between the concentration of B implanted into the
p type base regions 3 and the concentration of the mactive
ion species (C) implanted into the p type base regions 3.

As shown 1 FIG. 8, when the concentration of the
Inactive 1on species 1s smaller than that of B as when the
concentration ratio of B:C 1s 1:0.1, B 1s diffused from the
implanted region. On the other hand, when the concentration
of the 1nactive 1on species 1s larger than that of B as when
the concentration ratio of B:C 1s 1:10, B 1s hardly diffused
from the 1implanted region. It 1s also found that the suppres-
sion of the B-diffusion 1s correlated with the suppression of

B-related deep level known as D-center (1999 INTERNA-
TIONAL CONFERENCE ON SOLID STATE DEVICES
AND MATERIAL, September, 1999, Tokyo, p.146).

Thus, the 1mplantat10n of the mactive 1on species mnto the
p type base reglons 3 can prevent the diffusion of B from the
p type base regions 3 mnto the J-FET portion 6 or the surface
channel layer 5 when the heat treatment for activating B or
the like 1s carried out. This 1s because 1implanted 1ons of the
Inactive 1on species eliminate vacancies in the p type base
regions 3 or interact with interstitial S1 atoms. As a result, the
resistance of the J-FET portion 6 1s prevented from
increasing, thereby preventing an increased ON resistance.
Further, the channel length of the channel region that is
formed on the J-FET portion 6 1s prevented from increasing,
and the conductive type of the surface channel layer 5 1s
thereby prevented from being inverted.

Further, a three-level experiment was carried out on the
vertical power MOSFET 1n which B was implanted alone
into the p type base regions 3, and B was implanted into the
p type base regions 3 together with the 1nactive 1ion species.
The experimental results are shown in FIGS. 9A to 9C with
ON-characteristics of the MOSFET when the surface chan-
nel layer 5 was epitaxially grown at a temperature of 1550°
C. FIG. 9A shows the case where B was implanted alone,
and FIGS. 9B and 9C show the case where B was implanted
together with C (carbon). In FIG. 9B, a ratio of B:C was 1:5,
and 1 FIG, 9C, a ratio of B:C was 1:10. In the experiment,
a gap for forming the p type base regions 3 by 10on 1implan-
tation (mask gap) was set at 3 um.

The experimental results indicate that an amount of
current flowing 1n the case where B was implanted alone was
the smallest. This implies that the adjacent p type base
regions 3 are connected to each other by diffused B. When
C 1s implanted together with B, the amount of current 1s
increased. This also implies that the implantation of C can
prevent the diffusion of B. As a result, even when a small
mask gap of, for example, 3fEm is adopted to form the p
type base regions 3, the J-FET resistance 1s reduced, result-
ing in improved transistor operation.

(Fifth Embodiment)

A planar type MOSFET 1n a {ifth preferred embodiment
1s shown 1n FIG. 10. The MOSFET 1n the fifth embodiment
1s manufactured 1n a manner similar to that in the first
embodiment except the following points. Briefly, according
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to the fifth embodiment, the p type base reglons 3 are formed
by thermal diffusion, and the diffusion 1s stopped by the
J-FET portion 6. The p type base regions 3 contacting the
lower part of the surface channel layer 5 for forming the
channel region are formed by the thermal diffusion.

The manufacturing process 1n the fifth embodiment will
be explained in more detail with reference to FIGS. 11 and
12. First, the step shown 1n FIG. 2A 1s carried out as 1n the
first embodiment, so that the n~ type epi-layer 2 1s formed on
the n* type semiconductor substrate 1.

As shown 1 FIG. 11A, an LTO film 40 exposing there-
from a specific portion (indicated with broken lines in FIG.
11A) where the J-FET portion 6 1s to be provided is disposed
on the n~ type epi-layer 2, and C (carbon) is ion-implanted
as an 1nactive 1on species, using the LTO film 40 as a mask.
As the 10n implantation conditions, temperature 1s a range of
approximately 500° C. to 1000° C. or more, and a dose is
less than approximately 1x10"”" cm™. Accordingly, carbon
ions are disposed 1n 1ntrinsic carbon vacancies 1n the portion
for the J-FET portion 6 to eliminate the vacancies from the
portion.

As shown 1n FIG. 11B, an LTO film 42 1s then formed and
patterned by photo-lithography to remain at the specific
portion on the n~ type epi-layer 2. The specific portion
includes a portion where the J-FET portion 6 i1s to be
provided and a portion that is to be provided between the n™
type source regions 4 and the J-FET portion 6 (a portion
where a channel region is to be formed (see FIG. 10)).

After that, 1on implantation of B 1s carried out using the
LTO film 42 as a mask. As the 1on implantation conditions,
a temperature is in a range of approximately 500° C. to
1000° C. or more, and a dose is less than approximately
1x10'° ¢cm™=. In comparison with C implanted at the step
shown 1n FIG. 11A, a ratio of B:C 1s approximately 1:10.
Accordingly, impurity implantation layers 41 are formed at
a specific depth from the surface of the n™ type epi-layer 2.
Since the specific portion of the n~ type epi-layer 2 described
above 1s covered with the LTO film 42, the impurity implan-
tation layers 41 are not provided at the portion where the
channel region 1s to be formed.

As shown 1n FIG. 11C, heat treatment 1s carried out to
activate B 1n the impurity implantation layers 41. At that
time, the 1nactive 10on species 1s 1implanted 1nto the portion
for the J-FET portion 6, but not into the portion between the
portion for the J-FET portion 6 and the impurity implanta-
tion layers 42. Therefore, B 1s laterally diffused to the end of
the J-FET portlon 6. As a result of the thermal diffusion, the
p type base regions 3 are formed to underlie the channel
region. In silicon carbide, the B-diffusion in a <0001>

direction parallel to a c-axis and the B-diffusion in a <1120>
direction perpendicular to the c-axis have strong anisotropic

natures. That 1s, the B-diffusion 1n the <1120> direction 1s

higher than that in the <0001> direction (1999 INTERNA-
TIONAL CONFERENCE ON SOLID STATE DEVICES,

AND MATERIAL, September, 1999, Tokyo).

When the p type base regions 3 are formed under the
channel region by directly implanting 1ions mto the portion
underlying the channel region, this 1on implantation can
deteriorate crystallinity of the surface channel layer 3S.
However, according to the present embodiment, since the
portion of the p type base regions 3 underlying the channel
region 1s formed by thermal diffusion, the surface channel
layer 5 1s formed with high crystallinity. Accordingly, the
channel characteristics of the channel region formed 1n the

surface channel layer 5 1s improved, resulting 1n a decreased
ON resistance.
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Meanwhile, since the inactive 1on species 1s not implanted
into the lower portion of the impurity implantation layers 41,
the p type base regions 3 are formed at a depth deeper than
that of the 1impurity implantation layers 41 by the diffusion
of B. Because of this, the p type base regions 3 work as deep
base layers at the deeper depth position, thereby improving,
device withstand voltage.

In the first, second, fourth and fifth embodiments, the
implantation of the mactive 1on species 1s carried out before
the implantation of B; however, the inactive 10n species may
be implanted after the implantation of B. In the second and
fifth embodiments, the present invention 1s applied to pre-
vent B from being diffused into the J-FET portion 6 1n the
planar accumulation type MOSFET having the surface chan-
nel layer 5 as a channel region; however, 1t can be applied
to prevent the diffusion of B into the J-FET portion 6 1n a
planar inversion type MOSFET.

In the fifth embodiment, the present invention 1s applied
to improve the crystallinity of the surface channel layer 5 as
the channel region extending above the p type base regions
3 m the accumulation type MOSFET. However, in an
inversion type MOSFET, the present invention can be
applied to improve the crystallinity of the surface portions of
the p type base regions 3, in which the channel region 1s to
be formed. Also 1n this case, the channel characteristics are
improved, and the ON resistance 1s reduced.

In the first embodiment, the 1nactive 1on species
implanted into the J-FET portion 6 i1s the same as that
implanted 1nto the surface channel layer §; however, the
inactive 1on species implanted into the J-FET portion 6 may
be different from that implanted into the surface channel
layer 5.

While the present invention has been shown and
described with reference to the foregoing preferred
embodiments, 1t will be apparent to those skilled 1n the art
that changes 1n form and detail may be made therein without
departing from the scope of the invention as defined 1n the
appended claims.

What 1s claimed 1s:

1. A method of manufacturing a silicon carbide semicon-
ductor device, comprising:

preparing a first conductive type semiconductor substrate
made of silicon carbide;

forming a first conductive type semiconductor layer on
the semiconductor substrate, the semiconductor layer
having a resistance larger than that of the semiconduc-
tor substrate;

forming a second conductive type base region 1n a specific
surface portion of the semiconductor layer having a
crystal structure to define a J-FET portion contacting
the base region;

forming a first conductive type source region in a specific
surface portion of the base region at a depth shallower
than that of the base region;

forming a gate electrode above the base region between
the source region and the J-FET portion through a gate
msulation film;

forming a source electrode contacting the base region and
the source region; and

forming a drain electrode on a drain region of the semi-
conductor substrate,

wherein the base region 1s formed by:
implanting 1ons of a first inactive 1on species into at
least one of the specific surface portion for forming
the base region and the J-FET portion, whereby one
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of the speciific surtace portion and the J-FET portion
has the crystal structure containing the first mactive
1on species therein, and 1mplanting second conduc-
tive type impurities of an active 10on species 1nto the
specific surface portion having the crystal structure
for forming the base region; and

activating the second conductive type impurities to
form the base region.

2. The method of claim 1, wherein the second conductive
type impurities are boron 1ons.

3. The method of claim 1, wherein the first inactive 1on
species 1s selected from the group consisting of carbon,
silicon, argon, helium and neon.

4. The method of claim 1, further comprising:

forming a first conductive type surface channel layer by
an epitaxial growth on the base region to connect the
source region and the J-FET portion; and

implanting 1ons of a second 1nactive 10n species 1nto the
surface channel layer, wherein a conductive impurity
concentration of the surface channel layer i1s deter-
mined by the epitaxial growth.

5. The method of claim 4, wherein the second 1nactive 10on
species 15 selected from the group consisting of carbon,
silicon, argon, helium and neon.

6. The method of claim 1, wherein the second conductive
type 1mpurities are implanted entirely into the speciiic
surface portion for forming the base region.

7. The method of claim 1, wherein:

the second conductive type impurities are implanted 1nto
a part of the specific surface portion using a mask
covering a surface between the source region and the
J-FET portion; and

the second conductive type impurities are diffused to exist
entirely 1n the specific surface portion for forming the
base region when the second conductive type impuri-
ties are activated.

8. The method of claim 1, wherein a concentration of the
first 1nactive 1on species 1s larger than a concentration of the
second conductive type 1mpurities.

9. The method of claim 1, wherein the 1ons of the first
inactive 1on species are 1mplanted into at least one of the
specific surface port 1on and the base region before the
second conductive type impurities are implanted into the
specific surface portion.

10. A method of manufacturing a silicon carbide semi-
conductor device, comprising:

preparing a first conductive type semiconductor substrate
made of silicon carbide;

forming a first conductive type semiconductor layer on
the semiconductor substrate, the semiconductor layer
having a resistance larger than that of the semiconduc-
tor substrate;

forming a second conductive type base region by implant-
ing second conductive type impurities mnto a speciiic
surface portion of the semiconductor layer;

forming a surface channel layer by an epitaxial growth on
the base region;

implanting 1ons of a first 1nactive 10on species 1nto the
surface channel layer whereby the surface channel
layer has a crystal structure containing the first inactive
1on species therein, wherein an impurity concentration
of the surface channel layer i1s determined by the
epitaxial growth;

forming a first conductive type source region in a specific
surface portion of the base region at a depth shallower
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than that of the base region to contact the surface
channel layer;

forming a gate electrode above the surface channel layer
through a gate insulation film;

forming a source electrode contacting the base region and
the source region; and

forming a drain electrode on a drain region of the semi-

conductor substrate.

11. The method of claim 10, wherein the second conduc-
five type 1mpurities are boron 10ns.

12. The method of claim 10, wherein the first inactive 1on
species 1s selected from the group consisting of carbon,
silicon, argon, helium and neon.

13. The method of claim 10, wherein the base region is
formed by:

forming an impurity implantation layer by implanting the

second conductive type impurities and 1ons of a second
Inactive 1on species 1nto the specific surface portion
having a crystal structure; and

activating the second conductive type impurities to form
the base region and to define a J-FET portion contacting
the base region.

14. The method of claim 13, wherein the second 1active
1on species 1s selected from the group consisting of carbon,
silicon, argon, helium and neon.

15. The method of claim 10, wherein the first inactive 10on
species 1mplanted into the surface channel layer has a
concentration larger than a concentration of the second
conductive type impurities 1implanted into the base region.

16. A method of manufacturing a silicon carbide semi-
conductor device, comprising:

preparing a first conductive type semiconductor substrate
made of silicon carbide and having a first surface and
a second surface;

forming a first conductive type semiconductor layer on
the first surface of the semiconductor substrate so that
the first conductive type semiconductor layer has a
resistance larger than that of the semiconductor sub-
strate;

forming a second conductive type base region 1n a specific
surface portion of the semiconductor layer with a
specific depth so that a J-FET portion 1s formed 1 a
surface portion of the semiconductor layer 1n contact
with the base region;

forming a first conductive type source region 1n a specific
surface portion of the base region with a depth shal-
lower than the specific depth of the base region;

forming a gate electrode above the base region between
the J-FET portion and the source region with a gate
insulation film interposed therebetween; and

forming a source electrode 1n contact with the base region
and the source region, and a drain electrode on the
second surface of the semiconductor substrate;
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wherein an 1active 1on species 1s included 1n at least one
of the base region and a portion contacting the base
region, whereby, the one of the base region and the
portion contacting the base region has a crystal struc-
ture containing the first inactive 1on species therein,
wherein the base region i1s formed by implanting a
active 1on species 1nto the specilic surface portion
having the crystal structure.
17. The method of claim 16, wherein the 1nactive ion
species 1s 1included 1n the J-FET portion.
18. The method claim 16, further comprising forming a
surface channel layer on the base region to connect the

J-FET portion and the base region, wherein:
the 1nactive 10n species 1s 1included 1n the surface channel

layer.

19. The method of claim 16, wherein the 1nactive ion
species 15 selected from the group consisting of carbon,
silicon, argon, helium and neon.

20. The method of claim 16, wherein a concentration of
the 1nactive 1on species 1s larger than that of second con-

ductive type impurities included 1n the base region.
21. The method of claim 1, wherein the 1on of the first
inactive ion species are implanted at 500° C. or more.

22. The method of claim 10, wherein the 10on of the first
inactive ion species are implanted at 500° C. or more.
23. The method of claim 16, further comprising:

implanting the inactive ion species at 500° C. or more into
at least one of the base region and the portion contact-
ing the base region.
24. The method of claim 1, wherein the 1ons of the first
inactive 1on species are 1implanted into the J-FET portion.
25. The method of claim 10, wherein the 1ons of the first
inactive 1on species are implanted mto a J-FET portion
adjacent to the base region.
26. The method of claim 16, further comprising:

implanting the 1nactive 1on species 1nto the J-FET portion.

27. The method of claim 8, wherein the concentration of
the first mnactive 1on species 1s ten times or more larger than
that of the second conductive type impurities.

28. The method of claim 15, wherein the first inactive 1on
species has a concentration at least ten times larger than that
of the second conductive type 1mpurities.

29. The method of claim 16, wherein a concentration of
the first inactive 1on species 1s at least ten times larger than
that of conductive impurities of the base region.

30. The method of claim 1, wherein the 10ons of the first
Inactive 1on species occupy vacancies i1n the one of the
specific surface portion and the J-FET portion.

31. The method of claim 10, wherein the 10ons of the first
Inactive 10n species occupy vacancies in the surface channel
layer.

32. The method of claim 16, wherein the 1ons of the first
Inactive 10n species occupy vacancies 1n the one of the base
region and the portion contacting the base region.
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